Thermoelectrics found niche applications in the 20th century, especially where efficiency was of a lower priority than energy availability and reliability. Broader (beyond niche) application of thermoelectrics in the 21st century requires developing higher-performance materials. The figure of merit, ZT, is the primary measure of material performance. Enhancing the ZT requires optimizing the adversely interdependent electrical resistivity, Seebeck coefficient, and thermal conductivity, as a group. On the microscopic level, high material performance stems from a delicate concert among tradeoffs between phase stability and instability, structural order and disorder, bond covalency and ionicity, band convergence and splitting, itinerant and localized electronic states, and carrier mobility and effective mass.
ADVANCES: Innovative transport mechanisms are the fountain of youth of TE materials research. In the past two decades, many potentially paradigm-changing mechanisms were identified, e.g., resonant levels, modulation doping, band convergence, classical and quantum size effects, anharmonicity, the Rashba effect, the spin Seebeck effect, and topological states.
These mechanisms embody the current states of understanding and manipulating the interplay among the charge, lattice, orbital, and spin degrees of freedom in TE materials. Many strategies were successfully implemented in a wide range of materials, e.g., V 2 VI 3 compounds, VVI compounds, filled skutterudites and clathrates, half-Heusler alloys, diamondlike structured compounds, Zintl phases, oxides and mixed-anion oxides, silicides, transition metal chalcogenides, and organic materials. In addition, advanced material synthesis and processing techniques, for example, melt spinning, self-sustaining heating synthesis, and field-assisted sintering, helped reach a much broader phase space where traditional metallurgy and melt-growth recipes fell short. Given the ubiquity of heat and the modular aspects of TE devices, these advances ensure that thermoelectrics plays an important role as part of a solutions package to address our global energy needs.
OUTLOOK: The emerging roles of spin and orbital states, new breakthroughs in multiscale defect engineering, and controlled anharmonicity may hold the key to developing next generation TE materials. To accelerate exploring the broad phase space of higher multinary compounds, we need a synergy of theory, machine learning, three-dimensional printing, and fast experimental characterizations. We expect this synergy to help refine current materials selection and make TE materials research more data driven. We also expect increasing efforts to develop high-performance materials out of nontoxic and earth-abundant elements. The desire to move away from Freon and other refrigerant-based cooling should shift TE materials research from power generation to solid-state refrigeration. International round-robin measurements to cross-check the high ZT values of emerging materials will help identify those that hold the most promise. We hope the renewable energy landscape will be reshaped if the recent trend of progress continues into the foreseeable future. 
T
Thermoelectric materials research is an application-driven multidisciplinary topic of fundamental research, which involves the charge, spin, orbital, and lattice degrees of freedom of material. The electrical resistivity (s), Seebeck coefficient (a), and thermal conductivity (k) are optimized as a group via synergistic synthesis-experimental-theoretical efforts toward a high figure of merit ZT and, thus, high-efficiency thermoelectric devices. High-performance thermoelectric materials lie at the heart of thermoelectrics, the simplest technology applicable to direct thermal-to-electrical energy conversion. In its recent 60-year history, the field of thermoelectric materials research has stalled several times, but each time it was rejuvenated by new paradigms. This article reviews several potentially paradigm-changing mechanisms enabled by defects, size effects, critical phenomena, anharmonicity, and the spin degree of freedom. These mechanisms decouple the otherwise adversely interdependent physical quantities toward higher material performance. We also briefly discuss a number of promising materials, advanced material synthesis and preparation techniques, and new opportunities. The renewable energy landscape will be reshaped if the current trend in thermoelectric materials research is sustained into the foreseeable future.
T he world has been keeping up with an everincreasing demand of electricity by burning more and more fossil fuels since the second Industrial Revolution. However, fossil fuels are not renewable: The world's crucial reliance on fossil fuels and the environmental concerns of burning fossil fuels are putting both human and natural systems at stake. On the other hand, heat can be considered renewable in that it is ubiquitous and inevitable: Thermal processes generate >90% of the energy we use, whereas the energy we waste is primarily and ultimately in the form of heat (1). Thermoelectrics is the simplest technology applicable to direct heat-to-electricity energy conversion (2) (3) (4) .
On the basis of the Seebeck, Peltier, and Thomson effects discovered in the 19th century, thermoelectrics has found niche applications in the 20th century, especially "where cost and efficiency were not as important as energy availability, reliability, and predictability" (5) . A thermoelectric (TE) device is all solid state; free of moving parts, noises, or greenhouse emissions; and feasible for miniaturization, making it ready to work in tandem with other energy-conversion technologies (6) . It is also a prime choice in distributed spot-size active heat management (7) . The examples range from mW-to mW-level wristwatch and pacemaker batteries, 10-to 100-W-level radioisotope TE power generators (RTGs) for NASA's deep-space probes, 10-to 100-W-level microelectronics and wine coolers, 100-W-level car seat climate-control systems to kW-level waste-heat harvesting for automobiles (8) . In the 2015 20th Century Fox movie The Martian, it was the NASA RTG that allowed astronaut Mark Watney to survive for many months stranded on Mars.
Currently, the efficiency of thermoelectrics is lower than other energy-conversion technologies because of the low performance of TE material ( Fig. 1) (9) . Broader (beyond niche) application of thermoelectrics further into the 21st century is thus hinged on developing higher-performance materials. Over two decades ago, one of the authors of this paper wrote a Science Perspective (10) related to one of the exciting new TE materials at that time, filled skutterudites (11) . Since then, we have witnessed many strides in material performance ( Fig. 2) and thus a continually improved status of thermoelectrics (Fig. 1) . The renewable energy landscape could very well be reshaped if the current trend in TE materials research is sustained into the foreseeable future.
Material performance
The TE promise of a material is measured by three combinatorial material parameters. The primary parameter is the dimensionless figure of merit, ZT, which helps us determine the "efficiency." The maximum power-generation efficiency of a TE material, h, is
where the Carnot efficiency is the ratio of the temperature difference between the hot end and the cold end (T hot -T cold ) to T hot . The coefficient of performance for TE refrigeration adopts a slightly different expression, but in the same spirit (2) . The definition of ZT is
where a is the Seebeck coefficient (i.e., the thermopower), r is the electrical resistivity, k is the thermal conductivity, PF is the power factor, T is the temperature in kelvin, k L is the lattice (phonon and magnon) thermal conductivity, and k e is the charge-carrier thermal conductivity. The a value is positive for p-type (hole) conduction and negative for n-type (electron) conduction. Through Eqs. 1 and 2, the grand problem of TE energy conversion is shifted to optimizing three macroscopically measurable transport parameters (r, a, and k) as a group. As shown in Fig. 2 , most state-of-the-art TE materials have their maximum ZT values between 1 and 2.5 due to the adversely interdependent (r, a, and k).
Note that the ZT m in Eq. 1 is the average ZT value between T cold and T hot , whereas the T in Eq. 2 refers to a specific temperature. A large ZT m value over a wide temperature range is more practical than a ZT spike in applications. From an efficiency standpoint, a ZT m value~3 to 4 is needed for thermoelectrics to compete with other energy-generation technologies. The second combinatory material parameter is the TE quality factor (i.e., the B factor) (2, 12, 13) . The B factor is derived from Eq. 2 but defined with microscopic band structure and transport parameters (14) . For a one-band nondegenerate semiconductor
where m* is the effective mass and m c is the carrier mobility at the nondegenerate (classical) limit. For a given scattering mechanism and at any Fermi energy E F , the higher the B value, the higher the ZT value. The B factor showcases the importance of decoupling the electrical conductivity-governing m c and the Seebeck coefficient-governing m* while minimizing the k L . In practice, Eq. 3 remains a useful indicator for prescreening and optimizing more-complex materials (14) . The third combinatorial material parameter is the TE compatibility factor S (15)
The S is a device-design parameter, defined by the macroscopic measurable parameters (r, a, and k). It rationalizes how to extract the maximum efficiency out of a material by optimizing its geometrical shape, compositional gradient, or segmentation of a TE-device leg with different materials. For completeness, it is recommended that all three combinatorial material parameters (ZT, B, and S) are assessed in the TE study of a material.
General aspects of the TE process
Although each TE material is specific, the TE process embodied in the material can be generalized in the context of linear nonequilibrium thermodynamics of coupled dissipative processes (16) . A TE process is no more than a heat engine using electrons and holes as the working medium. The magnitude of a and the ZT of a material are rooted in the entropy and entropy production of the TE process therein, respectively.
The magnitude of the Seebeck coefficient measures the average entropy carried by a charge carrier divided by its charge in the limit of thermal equilibrium (17 
where e is the carrier charge, DOS(E) is the energy-dependent electronic density of states, n(E) is the energy-dependent number of states, k B is the Boltzmann constant, and m is the energydependent carrier mobility. Despite a limited applicability, Eq. 5 clearly shows that the larger the DOS(E F ), the stronger the energy dependence of m, and the higher the |a|. These arguments hold in more-complex materials and act as the guideline for band structure and transport engineering.
The ZT value of a material reflects how reversible the TE process is in the material (16) . In the case of zero entropy production, the TE process is reversible, the ZT of the material →1, and the Carnot efficiency is reached (19) . The Carnot efficiency is the upper efficiency limit of a TE process cycle, as with any heat-engine cycle. The entropy production in a TE process is the fundamental cause of irreversibility. The irreversible factor, derived from the compatibility factor S, gauges the sensitivity of the efficiency to the working condition. Generally, the higher the ZT value, the higher the sensitivity to the variation of working conditions (16) . Enhancing the ZT of a material is thus tied to minimizing the entropy production of the TE process therein. According to Callen (20) , the entropy production in a TE process arises from the heat flow from the hot end to the cold end and also from the degradation of electrochemical potential into heat (i.e., the dissipation effect, such as Joule heating).
Recent advances in TE materials research
Innovative transport mechanisms are the fountain of youth of TE materials research. This article reviews several potentially paradigm-shifting mechanisms enabled by defects, size effects, critical phenomena, anharmonicity, and the spin degree of freedom. These mechanisms embody the latest state of understanding and manipulating the interplay among charge, lattice, orbital, and spin degrees of freedom in TE materials. We use these mechanisms to guide the discussion of materials. Because of page limitations, the coverage of promising materials or synthesis and preparation techniques is purposely limited. The interested reader is referred to outstanding reviews on bulk (4, 21) and nanostructured materials (8, 9, 22, 23), materials chemistry (24, 25), fundamentals of thermoelectricity (9, (26) (27) (28) , heat conduction (29, 30) , electrical transport (31), theoretical studies (26, 32, 33) , and TE devices (26, 34) for further reading.
Defect-enabled mechanisms
Defects arise from the breaking of translational and/or rotational symmetry of the crystal lattice. Defect engineering aims to tackle two or more otherwise adversely interdependent band structure and transport properties toward higher material performance. For instance, doping a semiconductor optimizes the carrier concentration to enhance the PF while the resulting point defects scatter heat-carrying phonons to suppress the k L (2). Defects can also activate the otherwise hibernating degree of freedom (35) . The following subsections cover six defect-enabled mechanisms in the order of point defects (intrinsic point defects, resonant levels, band convergence), linear defects (dislocations), planar defects (interfacial preferential scattering), and bulk defects (modulation doping).
Intrinsic point defects
Identifying the correct causal chain is crucial in defect engineering, otherwise one risks getting the right result for the wrong reason. Taking the 2 of 9 benchmark material Bi 2 Te 3 as an example, doping Sb on the Bi site and Se on the Te site led to high p-type and n-type performance, respectively. The dopants (extrinsic point defects) first facilitate the formation of intrinsic point defects (antisites, interstitials, and vacancies), and then the intrinsic point defects directly determine the carrier concentration, thereby enhancing the material performance. Zhu et al. reviewed the role of intrinsic point defects in V 2 VI 3 compounds and showed that intrinsic point defects could be manipulated compositionally, mechanically, and thermally (36) . In particular, the electronegativity difference and the covalent radius difference between the cation and the anion effectively regulate the formation of cation antisites and anion vacancies. Intrinsic point defects are ubiquitous; a better understanding of intrinsic point defects and the interplay with other types of defects will enable more innovative defect engineering efforts.
Resonant levels
Resonant levels (RLs) refer to the impurity levels that lie in the conduction or valence band of the host material. Considering Eq. 5 and the Drude model s = nem = ne 2 t/m*, a large DOS(E F ) and a strong energy dependence of relaxation time t enhance the |a|. Accordingly, the role of the RLs scheme is dual (37): (i) RLs induce a DOS peak that centers at the resonant energy E D and (ii) RLs conduct and resonantly scatter charge carriers and the resonant scattering relaxation time often adopts a Lorentzian line shapet r ðEÞ ¼
where G is the energy range over which the phase-angle shift changes from 0 to p. A |a| significantly higher than what a Pisarenko plot predicts suggests the presence of RLs, but it takes the Nernst effect, magnetoSeebeck measurements, and theoretical calculations to confirm their presence (38) . The efficacy of RLs is subject to properly positioning the E D relative to the E F and the G value; the s and p states (orbitals) of impurity are more practical than the 3d and f states in the RLs scheme (37) .
Band convergence
Doping to actively align the electron bands for a higher degree of band degeneracy lies at the heart of the band-convergence scheme. The aim is to enhance the |a| without substantially degrading the s. The band degeneracy has two contributors: (i) Multiple bands have their band energy extrema within a few k B T of the E F (i.e., the orbital degeneracy) and (ii) the Fermi surface has multiple carrier pockets due to crystal symmetry (i.e., the valley degeneracy). The valley degeneracy, N v , factors into the DOS effective mass as N v 2/3 (39). The Snyder group at Caltech implemented the band-convergence scheme in PbTe (40) (41) (42) and CoSb 3 (43) . A similar scheme was successfully implemented in Mg 2 (Sn,Si) (44), chalcopyrites (45) , and Te-Ag-Ge-Sb (TAGS) (46) . In particular, Zhang et al. devised a "pseudocubic approach" to attain a complex architecture that contains a long-range cubic framework coexisting with short-range noncubic lattice distortions (Fig. 3) , giving rise to the high band convergence required for a high PF in less symmetric tetragonal chalcopyrites (45) . The pseudocubic approach holds promise, however, for those lowsymmetry materials that have an ideal band gap and a low k L . The band-convergence scheme and resonant-levels scheme worked jointly in attaining a ZT~1.4 in SnTe via In and Cd codoping and nanostructuring (47) . The efficacy of the band-convergence scheme is restricted by the temperature-induced band shift, interband scattering, and the solubility of dopants.
Topological defects
Dislocations are one-dimensional (1D) defects; they are topological defects in that a dislocation cannot be fixed by any local rearrangement (48) . Plastic deformation processes such as hot forging and extrusions are known to facilitate the formation of dislocations. Kim et al. used liquid flowassisted sintering to synthesize p-type Bi 2 Te 3 with dense dislocation arrays on low-energy grain boundaries (49) . These dense dislocation arrays and the point defects within each grain strongly scattered heat-carrying phonons over a wide wavelength range, leading to very low k L values and, thus, state-of-the-art ZT values. The formation mechanism of dense dislocation arrays and the kinetics of dislocations under a temperature gradient are well worth further study.
Interfacial preferential scattering
Interfaces and grain boundaries are 2D planar defects. Ideally, an interface should render a three-tier preferential scattering: (i) scattering phonons more effectively than charge carriers, (ii) scattering low-energy charge carriers more effectively than high-energy charge carriers, and (iii) scattering minority charge carriers more effectively than majority charge carriers. Generally, coherent or semicoherent grain boundaries (50-52) and a proper intergrain band alignment (52, 53) tend to retain the m, whereas rough grain boundaries effectively suppress the k L (54, 55) . Interfaces and grain boundaries are convenient places to implement the carrier-energy filtering (CEF) scheme (9, 56) . The CEF scheme utilizes an energetic barrier to filter out the lowenergy charge carriers to attain a higher |a|. Note that the CEF effect and band alignment work to the opposite ends, so they must be properly balanced toward a high PF. In nanostructured Bi 2 Te 3 , it was inferred that the interfacial charged defects preferentially scattered the minority carriers more effectively than the majority carriers (57, 58).
Modulation doping
Point defects tune the carrier concentration as effectively as they scatter the charge carriers and degrade the mobility. For nonresonant scattering, t(E) º E r (59), where r is the scattering parameter. We have r = 3/2 and r = 0 for ionized impurity scattering and charge-neutral impurity scattering, respectively. To mitigate this dilemma, "modulation doping" was devised for 2D structures by means of separating the charge carriers from the zonal dopants by spacer layers. The charge carriers donated from zonal dopants flow irreversibly into the high-mobility host matrix (i.e., the conduction channel); the mobility is thus retained. The modulation doping scheme is effective at temperatures where the ionized impurity scattering would otherwise predominate. Zebarjadi et al. modulation doped 3D Si 80 Ge 20 host matrix with embedded Si 100 B 5 nanoparticles without spacer layers (60) . In self-assembled colloidal nanocrystals of PbS and Ag, Ag nanocrystals acted as the zonal dopants and phonon scatters and facilitated the band alignment among PbS nanograins, leading to a ZT~1.7 at T = 800 K (61).
The "invisible dopants" scheme (62) is tied to the modulation doping scheme. The invisible dopants scheme is an "antiresonant" scattering in that the phase-angle shift is minimized by properly designing the potential profile of a core-shell nanoparticle. The scattering cross section of carriercore shell nanoparticle exhibits a sharp dip within a narrow energy range (i.e., the "cloaking window"), making the nanoparticle "invisible" to conduction electrons if the E F is located within that energy range. The rapidly varying scattering cross section with energy near the E F is also favored for a high |a|. The efficacy of the modulation doping scheme is restricted by the element diffusion at high temperatures for a long period of time.
Size effects (reduced dimensionality)
Size effects underlie the paradigm of TE nanocomposites and low-dimensional TE materials (8, 22, 23) . The classical and quantum size effects concern the scattering-limited mean free path and the confinement-induced change in the dispersion relation, respectively. For example, heat is carried by phonons with a wide, temperaturedependent spectrum of energy and momentum; suppressing the k L by limiting the phonon mean free path over a wide temperature range thus requires all-scale hierarchical microstructures (50) . In the context of classical size effect, the k L has a minimum, i.e., the amorphous limit, when the phonon mean free path gets as small as the interatomic spacing and heat is carried by random-walking Einstein modes. The minimum lattice thermal conductivity k min is expressed as (63)
where the cutoff frequency is q i ¼ v i ðħ=k B Þ ð6p 2 n a Þ 1=3 , n a is the number density of atoms, ħ is the reduced Planck's constant (Planck's constant h divided by 2p), and v i is the sound velocity for each polarization mode.
The quantum size effect of charge carriers is used to create sharp electronic DOS features (64, 65), favored for a high |a| upon properly positioning the E F . When the de Broglie wavelength of charge carrier l d is comparable to the physical size of a material in one or more directions, the charge carriers are strongly confined in those directions and their dimensionality is thus reduced. Though differentiating the classical and quantum size effects is hard when they coexist, most of the advances in TE nanocomposites come from the interfacial scattering of heat-carrying phonons rather than from an enhanced DOS, suggesting that the classical size effect dominates the quantum size effect.
Critical phenomena-induced effects
According to Vining (66) , the role of (1 + ZT) in a TE process is equivalent to that of the ratio g Ei = C p /C v in a gas-cycle engine, where C p is the heat capacity at constant pressure and C v is the heat capacity at constant volume. As shown in Fig. 4 (9) , the g Ei diverges at a gas-liquid phase transition. It is plausible to argue that the ZT is enhanced near an electronic phase transition, as electrons are the working medium of a TE process. A ZT peak at the superionic phase transition of I-doped Cu 2 Se was reported and attributed to the critical scattering of charge and heat carriers (67) . The coupling of a continuous phase transition to charge-carrier transport led to an enhanced a and ZT in Ag-doped Cu 2 Se (68). In these works, the critical fluctuations associated with the structural phase transition enable the charge carriers to access more microstates, thereby enhancing the |a|. The use of structural entropy for enhancing the |a| near a critical point is restricted in practice because structural phase transitions are undesirable for TE devices. Hence, a great opportunity lies in the "subcritical" materials with an inherent electronic instability but no structural phase transition.
Anharmonicity
Although both aim to reduce the k L , scattering processes limit the phonon mean free path in the space domain, whereas anharmonicity limits the phonon lifetime in the time domain. Anharmonicity elicits intrinsically low k L via phononphonon interactions (69) . In the caged compounds such as skutterudites and clathrates, the guest atom in the cage often rattles with a large anharmonic displacement at a low frequency; the interactions between the acoustic phonons and low-lying optical phonons are the key ingredient of the low k L values (32) . Thermal expansion and the Grüneisen parameter g are the macroscopic and microscopic measure of anharmonicity, respectively. Large complex unit cells with weak or asymmetric chemical bonding and heavy elements tend to have strong anharmonicity. At high temperatures, where the Umklapp process dominates, we have a simple, yet illustrative, formula (70)
where M, V, q D , and g are average atomic mass, average atomic volume, the Debye temperature, and the volume (mode averaged) Grüneisen parameter, respectively. Most solids exhibit a g value between 1 and 2, but a mode-specific Grüneisen parameter can be exceptionally large. Several recent investigations are paving a way toward engineering anharmonicity. A resonantbonding scenario was proposed to account for the low k L of IV-VI, V 2 -VI 3 , and V materials (71) . In some phase-change materials, the amorphous state was found to be more harmonic than its crystalline counterpart, where resonant bonding acted as an amplifier of anharmonicity (72) . Anharmonicity was believed to be fairly immune from structural imperfections because anharmonicity is rooted in the nature of chemical bonds (i.e., the entire occupied valence band), whereas impurities mostly act locally and affect the valence band edge. So, can we actively control anharmonicity? Jin et al. tuned the anharmonicity in InSb by a magnetic field (73) . Actively controlling anharmonicity is a grand challenge, but also a great opportunity, in future TE material research.
Thermoelectrics needs a "spin"
The nomenclature "thermoelectric" may have left people with a wrong impression that thermoelectricity only involves the charge and lattice degrees of freedom. Indeed, the orbital degree of freedom of the dopant is crucial in the resonantlevels scheme. In addition, the spin entropy of charge carriers is a likely source of the large |a| of Na x Co 2 O 4 (74) . The following subsections discuss three spin-enabled mechanisms. Note that the Rashba effect and topological states add new components to the matrix of conventional charge-based thermoelectricity, whereas the spin Seebeck effect (SSE) is conceptually distinct.
Rashba effect
The Rashba effect splits electron bands by the spin-orbit coupling (SOC) in crystals that lack an inversion center. The Rashba effect induces a sharp electronic DOS feature that results in an E F much lower than the spin-degenerate case and also a more 2D-like Fermi surface (e.g., ring or elliptic torus). The sharp DOS feature near the E F leads to an enhanced |a|, resembling the quantum size effect. The Rashba effect is a key ingredient of many exotic spinorbitronic phenomena such as the spin Hall effect, topological insulators (TIs), chiral magnonics, and spin interference (75) . One signature of the Rashba effect is that the resulting band extrema are located off the high-symmetry directions in a Brillouin zone. BiTeX (X = I, Br, or Cl) is a good example of a Rashba TE material (76, and the references therein). Interestingly, the internal electric field induced by the Rashba effect might facilitate anharmonicity (77) .
Topological states
Unlike the classical order of matter described by local symmetry and long-range correlation in the Landau symmetry-breaking theory, topological order arises from long-range entanglement of quantum states. In particular, TIs are the materials with a bulk band gap and topologically protected conducting edge (surface) states (78) . To be a TI, a material needs to satisfy several criteria: (i) the presence of large SOC, (ii) an odd number of band inversions between the conduction and valence band, and (iii) a sign change of the symmetry of molecular orbitals (79) . As heavy elements yield a large SOC effect and a low k L , both TIs and TE materials favor heavy elements and a bulk band gap. This is why many benchmark TE materials such as BiSb, Bi 2 Te 3 , and Bi 2 Se 3 turned out to be TIs (80) . The edge states of TIs are topologically protected from back scattering and immune to defects unless the defects break the time-reversal symmetry. In addition, the Dirac bands render a large carrier mobility. These traits have attracted theoretical interest from the standpoint of thermoelectrics. 
Spin Seebeck effect
The SSE is conceptually distinct from the conventional charge-based Seebeck effect (CSE). Especially, one should not confuse the SSE and the spin-dependent Seebeck effect: The spin-dependent Seebeck effect is no more than a spin-polarized CSE, whereas the SSE refers to the transverse spin voltage related to the nonequilibrium spin pumping driven by a longitudinal temperature difference and the inhomogeneous fluctuations between conduction electrons and magnons (Fig.  5) . Boona et al. examined the emerging field of spin caloritronics, including the implications of SSE and magnon-electron drag effect in solidstate thermal-to-electrical energy conversions (85, 86) .
Despite its infancy and a generally weak intensity, the SSE has some advantages over the CSE in energy conversion. First, the flow geometry of SSE is reminiscent of the Nernst-Ettingshausen effect; the temperature gradient and the resulting electric field are spatially decoupled (compare Fig. 5 ). Increasing the power output of a spin Seebeck magneto-caloritronic (SSMC) device only requires increasing the physical size of the material, either p type or n type. By contrast, a chargebased TE device needs to connect more p-type and n-type legs thermally in parallel and electrically in series to increase the power output. Second, a SSMC device is optimized through separately optimizing the thermal and magnetic properties of the spin source material and the electrical properties of the spin sink material. By contrast, optimizing a charge-based TE device requires the optimization of (r, a, and k) in their totality for both the p leg and the n leg. Notably, a giant SSE at cryogenic temperatures was reported in nonmagnetic InSb and attributed to the strong phonon-drag and SOC effect (87) , which promises potential applications in lowtemperature power generation, cooling, and sensing. Currently, there are only a few practical charge-based TE materials at cryogenic temperatures (88, 89) .
Other notable mechanisms
The optimal carrier concentration of a TE material generally increases with increasing temperature, but the doping level is often fixed in practice. Pei et al. utilized the temperaturedependent solubility of Ag in PbTe to self-tune the carrier concentration of PbTe-Ag 2 Te composites over a wide temperature range (90). Zhao et al. used the magnetic transition of BaFe 12 O 19 nanoparticles as an "electron repository" to suppress the detrimental bipolar effect and maintain high ZT values in the intrinsic excitation region of (Ba,In)-filled CoSb 3 (91) . A multilocalization transport scenario was proposed for In-filled CoSb 3 (92) . In strongly correlated systems, the manybody renormalizations, along with phonon mediation, give rise to peculiar TE responses, such as the giant low-temperature Seebeck coefficient of 
Promising materials
Mechanisms are embodied in the material properties and thus the materials. To date, degenerate semiconductors remain the cornerstone of highperformance TE materials. In line with attaining a high B factor (Eq. 3), a set of material chemistry criteria has been developed to identify promising TE materials: (i) A high-symmetry crystal structure elicits high band degeneracy, which enhances the DOS at Fermi level without substantially degrading the charge-carrier mobility. (ii) A small electronegativity difference among the constituent elements yields covalent chemical bonding, which ensures a high charge-carrier mobility by suppressing localization and optical phonon scattering of charge carriers. (iii) A large complex unit cell with heavy atoms and strong anharmonicity renders a low intrinsic-lattice thermal conductivity. Strong spin-orbital coupling effect of heavy elements is desired for the Rashba effect and topological states.
The TE materials mentioned in preceding sections are in line with these criteria. Below we briefly review a number of promising TE materials, among which SnSe and oxides are, to some degree, the outliers of these criteria. Because of page limitations, the reader is referred to two recent reviews (21, 24) , and the references therein, for further information on lead and lead-free chalcogenides, clathrates, silicides, Zintl phases, half-Heusler MgAgSb, and BiCuSeO compounds.
SnSe
SnSe is a fascinating material characterized by strong anharmonicity and low k L (97); both traits are somewhat surprising in this seemingly simple binary compound that contains no heavy elements (e.g., Pb, Bi, Sb, or Te). In addition, SnSe adopts a low-symmetric crystal lattice; the space group below and above the displacive phase transition near 800 K are Pnma (#62) to Cmcm (#63), respectively. Li et al. used inelastic neutron scattering in conjunction with density functional theory calculations to ascribe the strong anharmonicity to the long-range resonant p-bond network of Se coupled to stereochemically active 5s orbitals of Sn (98) . Despite a distinct crystal structure, SnSe is reminiscent of PbTe in terms of strong anharmonicity and the ferroelectric instability (99) . In addition to the high p-type performance reported in Na-doped SnSe single crystals (100, 101), a high n-type performance was attained in Bidoped SnSe single crystals (102) . There are some interesting questions that remain to be answered, e.g., what is the ground state of SnSe, the impact of native and extrinsic defects on the electrical transport and anharmonicity, and the performance improvement of polycrystalline SnSe materials?
Oxides
Oxides were considered poor TE materials because (i) the large electronegativity difference among the constituent elements leads to strong localization and charge-carrier scattering by optical phonons and, therefore, low m and (ii) the large bonding energy and small mass of oxygen lead to a high velocity of sound and, therefore, high k L . Hence, the TE studies of Na 
Half-Heusler compounds
Like oxides, half-Heusler (HH) compounds also work in the high-temperature regime. HH compounds adopt a general formula of XYZ (X = transition metal, noble metal or rare-earth element; Y = transition metal or noble metal; and Z = main group element) and a face-centered crystal lattice. HH compounds are known for their mechanical robustness and thermal stability. Although they are traditionally described as intermetallics, it is instructive to understand the band structure and defect chemistry of HH compounds in the framework of Zintl-Klemm chemistry (106) . One long-standing issue of HH compounds is a lack of balance between n-type and p-type performance: Higher performance p-type materials are needed. Fu et al. found heavy Hf-doping led to a ZT~1.5 at 1200 K in heavyband p-type FeNbSb with excellent mechanical strength and thermal stability (107) . In Ti-doped p-type FeV 0.6 Nb 0.4 Sb, low deformation energy and low alloy scattering were utilized to mitigate the band effective masses that were otherwise too high (108) .
Caged and open-framework structured materials
For decades, CoSb 3 skutterudite has been a benchmark mid-temperature TE material owing to its cagey structure for guest-atom filling. The fillingfraction limit is a major limitation on the material performance. Tang ions, leading to a record high ZT m~1 .5 over a broad temperature range and a maximum ZT value~2.6 at 850 K in Cu 2 Se-CuInSe 2 nanocomposites (112) . In the layered-structure metal chalcogenides, the semiconducting gap and the van der Waals gap invite doping and intercalations, respectively (113) (114) (115) . The synergy of Brdoping, Cu-intercalation, and nanoinclusions led to a ZT~1.1 at 723 K in In 4 Se 2.5 (116) .
Other interesting materials
Despite moderate ZT values, some materials are promising in the long run as they are made of earthabundant elements, exhibiting low intrinsic k L and/ or having a large phase space for optimization. For example, the diamond-like compounds comprise a large number of higher multinary compounds in which the constituent elements are tetrahedrally coordinated in a cubic zinc blende or a noncubic chalcopyrite structure. They tend to have low intrinsic k L due to distorted tetrahedra and good mid-temperature TE performance upon band convergence (21, 45) . Tetrahedrites are another example. In Cu 12 Sb 4 S 13 tetrahedrite, Cu atoms occupy two distinct crystallographic sites at a 50:50 ratio (117). The crystal structure of Cu 12 Sb 4 S 13 can be viewed as a PGEC formed by (i) a cavity polyhedral formed by CuS 3 and SbS 3 groups that govern the thermal transport and (ii) the framework of CuS 4 groups that governs the electrical transport. Co-doping Cu 12 Sb 4 S 13 with Ni and Zn has led to a ZT~1 (118). The organic TE materials, especially the composites based on conducting polymers poly-3,4-ethylenedioxythiophene (PEDOT) and polyaniline (PANI) (119, 120) , are paving a way toward cheap, flexible, printable, and stretchable TE modules.
Advanced synthesis and processing techniques
Developing next-generation TE materials must progress hand-in-hand with developing advanced material synthesis and processing techniques. High TE performance often requires delicate multiscale microstructures that traditional growth-from-themelt or powder metallurgy recipes generally fall short of being able to prepare. The nonequilibrium recipes such as ball milling (BM), melt spinning (MS), and self-sustaining heating synthesis (SHS) hold promise as they can reach a much broader phase space. The Ren group at Boston College conducted high-energy ball-milling processing on a 6 of 9 Fig. 6 . Nonequilibrium material-synthesis recipes. Schematic diagram of (A) melt spinning (MS) and (B) self-propagation high-temperature synthesis (SHS). In a SHS process, the combustion wavefront is reminiscent of zone melting growth but at a much faster propagation rate.
wide range of TE materials; the resulting grainsize refinement and rich nanostructures led to performance enhancement (121 (Fig. 6 ) are nonequilibrium recipes that can yield rich multiscale microstructures in single-phased ternary and even quaternary TE materials. The efficacy of these nonequilibrium recipes is restricted by the thermal stability of the as-formed microstructures.
The spark plasma-sintering (SPS) technique (126), i.e., field-assisted-sintering technique or pulsed-electric current sintering, is widely used in TE materials research. The SPS technique is a physical densification tool in general and a chemical reaction tool on occasion. Although the energy and time efficacy of the SPS process has proved to be outstanding, the sintering process is not yet fully understood on the microscopic level. For example, the presence of sparks and plasmas in the sintering process is questioned (127) . Filling this gap of knowledge may lead to newer designs of sintering techniques. An emerging direction is the synergy of additive manufacture (3D printing) and machine learning, which may facilitate high-throughput materials screening and exploration of the ternary and quaternary phase space.
Perspective remarks
TE materials research is an application-driven fundamental research field bridging the disciplines of physics, chemistry, materials science, and mechanical engineering. High material performance builds on a delicate concert of hierarchical trade-offs, e.g., structural order and disorder, phase stability and instability, band convergence and splitting, effective mass and mobility, bond covalency, and ionicity. Although the TE materials research is application driven, it is the rich fundamental physics, chemistry, and materials science that actually drives the research. Today, emerging concepts such as topological states, the Rashba effect, the spin Seebeck effect, resonant levels, resonant bonding, and anharmonicity are keeping the field of TE materials research at the cutting edge of science.
After 60 years of fruitful work, the maximum ZT values have doubled, and, some might argue, essentially tripled. It may not sound that impressive, but in our opinion it is, given that a fourfold increase would have changed the renewable energy landscape. Thermoelectrics has specific technical advantages in distributed power generation and active spot-size heat management. Given the ubiquity of heat, thermoelectrics has secured a position in our total-package solution to global energy needs and environmental crisis. In the years to come, we expect scientists will look for more outliers of the current materialselection criteria; develop more high-performance TE materials out of nontoxic and earth-abundant elements; shift attention from power generation to refrigeration, as cooling is less cost-sensitive than power generation; and conduct high-throughput calculations and experiments in higher multinary compounds. Cross-checking the high ZT values of emerging materials by international roundrobin studies is also crucial (128) . The outcome of these efforts will shape the future of thermoelectrics over the next 20 years or more and, in turn, reshape the renewable energy landscape.
